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'(0DQGWKH9RURQRLWHVVHOODWLRQ$PLFURVWUXFWXUHEDVHGPRGHOZDVFUHDWHG0LFURSDUDPHWHUVJRYHUQLQJ9RURQRLVXEEORFNV






(QKDQFHG *HRWKHUPDO 6\VWHP (*6 DUH HQJLQHHUHG UHVHUYRLUV FUHDWHG WR H[WUDFW KHDW IURP HFRQRPLFDOO\
LPSURGXFWLYHJHRWKHUPDOUHVRXUFHVW\SLFDOO\NQRZQDV+RW'U\5RFN+'5$Q(*6XVHVGULOOLQJIUDFWXULQJDQG
LQMHFWLRQ WR SURYLGH IOXLG DQG SHUPHDELOLW\ LQ DUHDV WKDW KDYH KRW EXW GU\ XQGHUJURXQG URFN >@+HDW LV WKH RQO\
FRPSRQHQW WKDW QHHGV EH QDWXUDO ,QVXIILFLHQW SHUPHDELOLW\ LV UHPHGLHG E\ DUWLILFLDO PHDQV VXFK DV K\GUDXOLF
IUDFWXULQJE\PHDQVRIZKLFKKLJKSUHVVXUHZDWHU LV LQMHFWHGIURPWKHVXUIDFH WKURXJKZHOOV LQWRDERG\RIGHHS
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V\VWHP IORZV DORQJ SHUPHDEOH SDWKZD\V H[WUDFWLQJ KHDW IURP WKH VXUURXQGLQJ URFN 7KLV UHVHUYRLU LV ODWHU
SHQHWUDWHGE\DVHFRQGZHOOZKLFKLVXVHGWRH[WUDFWWKHKHDWHGZDWHU8SRQOHDYLQJWKHSODQWWKHIOXLGLVUHWXUQHGWR
WKHUHVHUYRLUWKURXJKLQMHFWLRQZHOOVWRFRPSOHWHWKHFLUFXODWLRQORRS
'HVSLWH K\GUDXOLF IUDFWXULQJ WHFKQRORJ\ KDYLQJ EHHQ XVHG IRU PRUH WKDQ  \HDUV LQ WKH FRQWH[W RI HQHUJ\
H[SORLWDWLRQXQGHUJURXQGIRUPDWLRQVUHSUHVHQWDFRPSOH[V\VWHPRIYDULDEOHV ERWKURFNDQGZHOOSURSHUWLHV WKDW
PDNHIUDFWXULQJSURFHVVHVDQRWIXOO\XQGHUVWRRGSUREOHPWKDWUHTXLUHVIXUWKHULQYHVWLJDWLRQ>@3UHGLFWLRQRIWKH
HIIHFWLYHQHVVRI WKH IUDFWXULQJSURFHVVFDQEH LQYHVWLJDWHGE\QXPHULFDO VLPXODWLRQV >@)RUSUREOHPV LQZKLFK
ODUJHVFDOHSKHQRPHQDHJ URFNVOLGHVRU UHVHUYRLUVWLPXODWLRQDUHVWURQJO\ LQIOXHQFHGE\SURFHVVHVRFFXUULQJDW








VFDOH DSSURDFK 7KH 9RURQRL WHVVHOODWLRQ >@ DQG WKH 'LVWLQFW (OHPHQW 0HWKRG '(0 >@ ZLOO EH XVHG WR
UHSURGXFH URFN EHKDYLRU DW WKH ODERUDWRU\ VFDOH $Q XSVFDOH SURFHGXUH ZLOO EH SUHVHQWHG WR ILQDOO\ PRGHO WKH
IUDFWXULQJ SURFHVV DW WKH VLWH VFDOH 7KH WKHRUHWLFDO EXW UHDOLVWLF FDVH VWXG\ RI D PDQPDGH JHRWKHUPDO ILHOG
FRQFHUQLQJDJUDQLWLFURFNPDVVZLOOEHGLVFXVVHG
0XOWLVFDOHPRGHOOLQJDSSURDFK
7KHPXOWL VFDOH PRGHOOLQJ DSSURDFK ZDV LPSOHPHQWHG ZLWK WKH '(0 DQG WKH 8'(& VRIWZDUH >@ 9RURQRL
WHVVHOODWLRQZDVXVHGWRJHQHUDWHWKHV\QWKHWLFURFNPDWHULDO7KH9RURQRLWHVVHOODWLRQLVDVSHFLDOMRLQWJHQHUDWRUWKDW
FUHDWHV UDQGRPO\ VL]HG SRO\JRQDO RU WULDQJXODU RSWLRQ 7ULJRQ EORFNV 7KH JUDLQ ERXQGDULHV LQ WKH SRO\FU\VWDO
VWUXFWXUH SURGXFHG E\9RURQRL WHVVHOODWLRQ FDQ EH XVHG WR UHSUHVHQW IODZV LQ LQWDFW URFN DQG WKHUHIRUH DOORZ IRU
VLPXODWLRQRIFUDFNGDPDJHGHYHORSPHQWWKURXJKLQLWLDWLRQDQGSURSDJDWLRQRIIUDFWXUHVDORQJJUDLQERXQGDULHV>@
7KHSDUDPHWHUVJRYHUQLQJ WKHEHKDYLRURI9RURQRLHOHPHQWV KDYH WREHFDOLEUDWHGDQGYHULILHGDJDLQVW UHOLDEOH
ODERUDWRU\ H[SHULPHQWV 7R WKLV H[WHQW XQLD[LDO FRPSUHVVLRQ WHVWV 8&6 DQG LQGLUHFW WHQVLOH VWUHQJWK WHVWV ZHUH








7KH FDOLEUDWLRQ SURFHVV ZDV SHUIRUPHG E\ PHDQV RI D WULDODQGHUURU SURFHGXUH ZKHUH WKH PDWHULDO PDFUR
SURSHUWLHVDUHPRGLILHGE\WZRIDFWRUV6DQG5GHILQHGDVIROORZV
 Q WULDO Q PDWN 6 N      V WULDO Q WULDON N   
WULDO PDWF 5 F   WULDO PDWWJ 5 WJ)   )   W WULDO W PDW5V V   
ZKHUHNQDQGNVDUHWKHQRUPDODQGVKHDUVWLIIQHVVHVFLVWKHFRKHVLRQɎWKHIULFWLRQDQJOHDQGıWWKHWHQVLOHVWUHQJWK
$W ILUVW 5 LV NHSW FRQVWDQW DQG 6 LV JUDGXDOO\ LQFUHDVHG LQ RUGHU WRPDWFK WKH GHIRUPDELOLW\PHDVXUHG GXULQJ
WULD[LDOODERUDWRU\WHVWV7KHQWKHFDOLEUDWHG6YDOXHLVNHSWFRQVWDQWDQG5LVPRGLILHGWRPDWFKWKHSURSHUVWUHQJWK
7DEOHVKRZVWKHUHVXOWVRIWKHFDOLEUDWLRQSURFHVV
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7DEOH6WUHQJWKDQGGHIRUPDELOLW\SDUDPHWHUVIURPQXPHULFDODQDO\VLVDIWHUFDOLEUDWLRQ
 5 6 ıFL>03D@ (>03D@ ıW>03D@
3ODVWHURI3DULV     
7UDQVMXUDQHVDQGVWRQH     
7DJLNLVWDQVLOWVWRQH     
$XJLJJUDQLWH     























)LJXUH D KLJKOLJKWV WKH W\SLFDO D[LDO VSOLWWLQJ EHKDYLRU >@ DW WKH HQG RI WKH VLPXODWLRQ 7KH FDOLEUDWHG
SDUDPHWHUVZHUHWKHQXVHGWRPRGHOLQGLUHFWWHQVLOHVWUHQJWKWHVWV)LJE7KHPRGHOOHGYDOXHVRIWHQVLOHVWUHQJWK
ZHUH IRXQG WREH LQJRRGDJUHHPHQWZLWK WKHH[SHULPHQWDOGDWD ,WZDV IRXQG WKDW WKHFRPSXWDWLRQDO WLPH IRU WKH
DQDO\VHV ZDV KLJKO\ LQIOXHQFHG E\ WKH VL]H RI WKH9RURQRL HOHPHQW IRU DPRGHO LQWHQGHG WR VLPXODWH WKH LQ VLWX
EHKDYLRU RI D URFN PDVV VFDOH RI WHQV RI PHWHUV XVLQJ DQ HOHPHQW VL]H RI  PP ZRXOG PDNH WKH VLPXODWLRQ
FRPSXWDWLRQDOO\ LPSUDFWLFDO)RUWKHFXUUHQWDQDO\VLV LWZDVGHFLGHGWRXVHD9RURQRLVL]HRIFPZKLFKLQWKH
DXWKRUV¶RSLQLRQUHSUHVHQWVDJRRGFRPSURPLVHEHWZHHQDFFXUDF\RIPRGHOOHGUHVXOWVDQGFRPSXWDWLRQDOWLPH
:LWK WKHQHZ9RURQRLHGJH OHQJWKQHZYDOXHVRI5DQG6ZHUHFDOLEUDWHGRYHUD[PVDPSOH)LJD WR
UHSURGXFHGLUHFWO\URFNPDVVGHIRUPDELOLW\DQGVWUHQJWK7KHLQIOXHQFHRIWKHVFDOHZDVWKHQLQYHVWLJDWHGE\FUHDWLQJ

















3URSHUW\ 6\PERO 9DOXH 3URSHUW\ 6\PERO 9DOXH
'HQVLW\>NJP@ ȡ  &RKHVLRQ>03D@ F 
3RLVVRQ¶VUDWLR>@ Ȟ  5RFNPDVVWHQVLOHVWUHQJWK>03D@ ıW 
5RFNPDVV<RXQJ¶VPRGXOXV>*3D@ (  5RFNPDVV8&6VWUHQJWK>03D@ ıF 





HTXDO WR 03D7KH VL]H RI WKH9RURQRL  FP LV DVVXPHG EDVHG RQ WKH FRQFOXVLRQV RI VHFWLRQ $V WKH
FDOFXODWLRQVSHHGLVHVVHQWLDOO\DOLQHDUIXQFWLRQRIWKHQXPEHURIEORFNVXVHGLQWKHPRGHO>@WKHPRGHOVL]HZDV
OLPLWHG WR  [  P LQ RUGHU WR UHGXFH WKH VL]H RI WKH GLVFUHWL]HG GRPDLQ DQG WKXV OLPLWLQJ WKH UHTXLUHG
FRPSXWDWLRQDO WLPH )LJ D ,Q WKH ILHOG WKH EHQWRQLWLFPXG LV LQMHFWHG VWDUWLQJ IURP D FHUWDLQ GHSWK ZLWK WKH
SXUSRVH WR UHPRYHFXWWLQJV KHOSSUHYHQWEORZRXWVDQGVWDELOL]H WKHH[FDYDWLRQ ,Q WKHPRGHOPXG LQMHFWLRQZDV
VLPXODWHGVWDUWLQJIURPPGHSWK7KHLQWHUQDOSUHVVXUHWREHDSSOLHGUHSURGXFLQJPXGSUHVVXUHDWDGHSWKRI
NPZDVWKHUHIRUH03D
7KH VLPXODWLRQ LV FDUULHG RXW E\PHDQV RI D VHTXHQFH RI VWDJHV'XULQJPRGHO LQLWLDOL]DWLRQ HDFK HOHPHQW LV
DVVLJQHGWKHLQVLWXVWUHVVVWDWHDQGVWUHVVERXQGDU\FRQGLWLRQVDUHDSSOLHG2QFHWKHGULOOLQJRIWKHWZRERUHKROHVLV








),6+ EXLOWLQ SURJUDPPLQJ ODQJXDJH DYDLODEOH LQ WKH 8'(& VRIWZDUH 7KH ),6+ IXQFWLRQ LV EXLOW WR VLPXODWH
SHUPHDWLRQRIWKHIOXLGLQWRWKHIUDFWXUHVDVWKRVHDUHEHLQJIRUPHG)LJXUHLOOXVWUDWHVVFKHPDWLFDOO\KRZWKH),6+
IXQFWLRQRSHUDWHV)LUVWDSUHVVXUHSLVDSSOLHGWRWKHERUHKROHVERXQGDU\D%\LQFUHDVLQJWKHSUHVVXUHDWDFHUWDLQ





ZLWK WKH KRUL]RQWDO DQG YHUWLFDO FRPSRQHQWV RI S ,I WKH QRUPDO GLVSODFHPHQW LV SRVLWLYH WKH ),6+ IXQFWLRQ
UHFRJQL]HVDMRLQWZKHUHIDLOXUHRFFXUUHGDQGDVVLJQVDQRUPDOSUHVVXUHHTXDO WRS WRWKHZKROHGRPDLQLQFOXGLQJ
WKDWFRQWDFW ,Q WKLVZD\ WKHSUHVVXUH LVDOVRDSSOLHG LQWR WKHQHZO\FUHDWHGIUDFWXUHV F7KLVFDXVHVIUDFWXUHV WR
SURSDJDWH )RU HYHU\ SUHVVXUH LQFUHDVH WKH ),6+ IXQFWLRQ LV UXQ DV ORQJ DV QHZ IUDFWXUHV DUH FUHDWHG DQG WKHQ
SUHVVXUH LV LQFUHDVHGXS WR WKHYDOXH UHTXLUHG LQ WKHQH[W VWHS)RUH[DPSOH DW WKHEHJLQQLQJRI WKHFRPSXWDWLRQ

















WKH WZRERUHKROHV LV REWDLQHGE\ WKH DSSOLFDWLRQRI DQ LQWHUQDO SUHVVXUHRI 03D$V WKH LQLWLDO VWUHVV VWDWH LV
LVRWURSLF IUDFWXUHV SURSDJDWH LQ GLIIHUHQW GLUHFWLRQV HYHQ LI VRPH RI WKHVH DUH PRUH HYLGHQW 2QFH IUDFWXUHV
H[SDQGLQJ IURPHDFKERUHKROHDSSURDFK WKHFHQWUDO ]RQH LQEHWZHHQ WKHERUHKROHV WKH\ VWDUW WR LQWHUDFWDQG WKXV
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x 0LFURSDUDPHWHUV FRQWUROOLQJ GHIRUPDELOLW\ DQG VWUHQJWK RI WKH FRQWDFW EHWZHHQ 9RURQRL HOHPHQWV QHHG WR EH
FDOLEUDWHG DJDLQVW ODERUDWRU\ GDWD 7ZR IDFWRUV 6 DQG 5 UHODWHG WR VWLIIQHVV DQG VWUHQJWK UHVSHFWLYHO\ ZHUH
LQWURGXFHGWRVLPSOLI\WKHFDOLEUDWLRQSURFHVV











JHQHUDWLRQ DQG H[WHQVLRQ RI FUDFNV 7KH UHVXOW LV WKHUHIRUHPHVK GHSHQGHQW XQOHVV YHU\ VPDOO HOHPHQWV DUH XVHG
ZKLFKKRZHYHULVLPSUDFWLFDO0RUHRYHUWKHSUHVHQWYHUVLRQRIWKH),6+IXQFWLRQLVQRWDEOHWRGLVWLQJXLVKEHWZHHQ
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